The development of the packaging industry has promoted indiscriminately the use of disposable packing as Tetra Pak, which after a very short useful life turns into garbage, helping to spoil the environment. One of the known processes that can be used for achievement of the compatibility between waste materials and the environment is the gamma radiation, which had proved to be a good tool for modification of physicochemical properties of materials. The aim of this work is to study the effects of waste cellulose from Tetra Pak packing and gamma radiation on the mechanical properties of cement concrete. Concrete specimens were elaborated with waste cellulose at concentrations of 3, 5, and 7 wt% and irradiated at 200, 250, and 300 kGy of gamma dose. The results show highest improvement on the mechanical properties for concrete with 3 wt% of waste cellulose and irradiated at 300 kGy; such improvements were related with the surface morphology of fracture zones of cement concrete observed by SEM microscopy.
Introduction
Due to the increment of awareness on environment, the use of waste materials is an attractive area of opportunity. Solid wastes are classified by their chemical nature as organic and inorganic; recovery of them has been under study for a long time. Use of waste in building materials, road construction, and pavement are beneficial because it reduces environmental pollution and solves the waste disposal problems [1, 2] . Such waste materials should show an effective recycling or reuse [3] . Several improvements have been reported for incorporating waste of recycled polymers, for example, in the case of asphalt pavement or in road performances [4] [5] [6] .
Among waste materials are those containing cellulose as Tetra Pak packages; such packing is made up of three raw materials: paper (about 75%), low density polyethylene (about 20%), and aluminum (about 5%). Aseptic packages are recycled through a simple, well-established process called hydropulping. In this process, the cellulosic fibers are separated from thin layers of polyethylene and aluminum. Early study on Tetra Pak garbage showed recovery of their components, being cardboard 63 wt%, polyethylene 30 wt%, and aluminum 7 wt% [7] .
Degradation of cellulose or lingocellulosic materials produced huge number of water soluble or insoluble oxygenated compounds. The water content of aqueous phases is high, and it contains some valuable chemicals; one of them is phenolic compounds. It is convenient to mention that high-quality cellulosic fibers are used in the production of paper products such as tissue and paper towels and fine writing paper.
Some investigations are concerned with the use of cellulosic materials as fillers in composite materials. Most of the waste from the paper industry is known as paper sludge (PS) which is burnt and becomes PS ash. This is used as a soil improvement material and cement raw material. PS ash increased the strength of extremely stiff concrete; moreover, 2 Advances in Materials Science and Engineering it has high water absorption [8, 9] . Different composite materials have been produced by incorporating cellulosic materials for improvement of mechanical properties: (a) bending behavior is improved by incorporating cellulose fibers from waste paper; (b) toughness and tensile behavior of thin-sheet cement products are improved by adding fibers of recycled waste paper; (c) shore hardness (SH) values are increased as the resin concentration increases in composites elaborated with Tetra Pak and resin materials; and (d) maximum of strengthening is achieved for cement matrixes when adding plant-fibers and man-made cellulose fibers (from 8 to 10 wt%); the costs are reduced with this substitution [4, 5, 9, 10] .
The mechanical improvements when using cellulose fibers are due mainly to their mechanical properties that include a modulus of elasticity up to 40 GPa. Moreover, fibers can be further subdivided by hydrolysis followed by mechanical disintegration into microfibrils with an elastic modulus up to 70 GPa. Such fibers are produced commercially by the pulp and paper industry [10] .
With the exception of cotton, the main components of natural fibers are cellulose, hemicellulose and lignin, and, in minor concentration pectin, waxes and water soluble substances [10] . Linear cellulose molecules are linked laterally by hydrogen bonds to form linear bundles, giving rise to a crystalline structure. The degree of crystallinity of cellulose is one of the most important structural parameters; the rigidity of cellulose fibers increases, but flexibility decreases with increasing ratio of crystalline to amorphous regions. Therefore, the crystalline structure of cellulose is one important parameter for evaluating the physical and mechanical properties [11, 12] .
The use of gamma radiation as a mechanism for reaction initiation and accelerator of the polymerization of a monomer in a ceramic matrix can bring considerable advantages. One of the most important objectives is to obtain higher adhesion between fibers and the matrix [13] [14] [15] [16] [17] [18] . The first investigations focused on the influence of gamma radiation on lignocellulose materials, in terms of increasing the solubility of insoluble high-polymerized sugars such as cellulose [19] . Some investigations focused on effects of gamma radiation on physicochemical properties of cellulose, and the results show that an increment of 25 kGy (in average) caused a loss of 1% in cellulose crystallinity in the dose range of 0-1 MGy. Cellulose shows degradation (from 6 to 12%) up to 31.6 kGy and unchanged degree of crystallinity up to 300 kGy. The degree of polymerization (DP) is obtained up to 1 Gy; this decrease is above 10 kGy. Moreover, changes on specific gravity and in the lattice constant are observed up to 1 MGy, as well as complete degradation of cellulose at 6.55 MGy. In the case of lignin no changes are observed up to 31.6 kGy and only 15% of degradation at 19 MGy is observed [19] .
In cellulose there is amorphous zones along the microfibril length, in which the crystallinity is interrupted. These zones allow the penetration of chemicals into the microfibrils. Furthermore, the gamma radiation caused break-up of cellulose to shorter chains, which are water-soluble, and it most likely leads to an "opening of additional microcracks, " in which water molecules can easily penetrate.
Some studies covering the effects of ionizing radiation on polymer-ceramic composite materials, for example, in gypsum/poly(methyl) acrylate composites showed that the yield of polymerization increased with increasing radiation dose and leveled off at a dose around 3-4 kGy, where a yield of 87-88% is achieved [9] . As this process is completed at room temperature, there is much economy of heat energy, besides the reduction in costs to keep the composite under pressure. The pressure is used to keep much of the monomer (usually with a high volatility) filling the interstices of the ceramic matrix during the conversion to ceramic-polymer composites.
The purpose of this work was to evaluate gamma radiation and waste cellulose as tools for improvement of mechanical properties of cement concrete. Waste cellulose was obtained from Tetra Pak packages and the gamma doses were covered up to 300 kGy. A simple and inexpensive process was expected as well as contribution on the environmental care.
Experimental Part

Specimen Preparation.
Before preparing concrete specimens, one set of waste cellulose particles with average size of 0.5 mm was obtained from Tetra Pak packages and was used in concentrations of 3, 5, and 7% by weight; these values were selected in order to avoid problems concerning homogeneity and workability.
Different mixes were elaborated with Portland cement, silica sand, gravel, and water. The sand with uniform granulometry had an average diameter of 150 m (mesh 60), while sizes of gravel were 0.5, 4.0, and 6.3 mm (mesh 35, 5, and 0.25 , resp.). Proportion of components in the mixes was 1/2.75 for cement/aggregates, with water/cement ratio of 0.485. All materials were mixed according to practice ASTM C-305. Sand silica was obtained from a local company (GOSA, Atizapan, Mexico), and gravel aggregates were obtained from Tula Hidalgo México, respectively.
After mixing, concrete cylindrical specimens (2.0 diameter and 4.0 long) were molded. After 24 hours, they were placed in a controlled temperature room (at 23.0 ± 2.0 ∘ C and 95% of relative humidity according to ASTM C/192 M-00), with the surface exposed to moisture. The moist room conditions were the same as above, according to ASTMC-511. It is important to remark that waste cellulose was used as sand replacement.
Mechanical Tests.
Compressive strength evaluation of all concrete cylindrical specimens was carried out in a universal testing machine model 70-S17C2 (Controls, Cernusco, Italy), according to ASTM C-39M-01, located at Laboratory of Research and Development of Advanced Materials (LIDMA) of the Autonomous University of the State of Mexico (UAEM). Specimens were tested after 7, 14, and 28 days of moist curing. Testing tolerance allowed for the specimens was 7 days ±6 hrs, 14 days ±9 hrs, and 28 days ±12 hrs. source at the dose rate of 3.5 kGy/h; the experiments were made in air at room temperature. The irradiation was provided by a 651 PT Gammabeam Irradiator manufactured by NORDION (Chalk River, Ontario) and located at Institute of Nuclear Sciences of the National Autonomous University of Mexico.
Morphological Characterization.
The surfaces of irradiated cellulose and those for fractured zones of concrete were analyzed, by a scanning electron microscopy (SEM) in a JEOL model JSM-5200 machine, in the secondary electron mode.
Results and Discussion
Compressive Strength.
In Figure 1 compressive strength values of concrete with waste cellulose are shown. Concrete without waste cellulose at 28 days of curing time has the highest compressive strength value, namely, 21.7 MPa. Some behaviors are observed. (a) The values gradually decrease when more cellulose is added; (b) concrete with 3 wt% of waste cellulose has a minimal difference, 5%, with respect to control concrete (without cellulose); it does not happen for concrete with 7 wt% of waste cellulose, because it has 47% of reduction; and (c) independently of each cellulose percentage the compressive strength values increase when increasing curing time. Such reductions in the values can be explained in terms of the waste cellulose added. The strength depends on the amount of waste cellulose and water cement ratio (w/c). By one hand cellulose has a hydrophobic nature and on the other hand the cellulose can substitute up to 7 wt% of sand in the mixture; thus more amount of water is available to interact into the surface of unhydrated grains of cement particles. Therefore, weak interfacial adhesion between cellulose and hydrated cement particles is obtained; in consequence reduction on the compressive strength values is seen.
According to the highest compressive strength results for concrete with cellulose (seen previously in Figure 1 ), we decided to work with concrete with 3 wt% of waste cellulose in the second stage of this study, consisting on irradiating them up to 300 kGy. Some behaviors are shown in Figure 2 . (a) The highest value is observed for concrete irradiated at 300 kGy at 28 days of curing time, namely, 31.6 MPa, which means an improvement of 45% with respect to control concrete; (b) the values increase when radiation dose increases too; (c) for each gamma dose the values increase when increasing curing time.
Such improvements of the compressive strength values can be explained in terms of the gamma radiation effects on the concrete components and waste cellulose. As we know, many types of chemical reactions take place during gamma irradiation of polymeric materials, cross-linking, and degradation by chain scission among others, but one or the other of these effects may be predominant in some materials. In the present investigation we argue the formation of cross-linking of the polymeric chains in the cellulose under the effect of irradiation dose and their repercussion on the cement and water molecules. We recall that cross-linking is the most important effect of polymer irradiation because it can usually improve the mechanical, thermal, and chemical properties. Moreover, application of high energy irradiation to cellulose creates free radicals by the scission of the weakest bonds; such radicals can react with some molecules in the cement matrix. The interaction between calcium silicate hydrate (formed during the hydration process) and the cellulose present in the pores during irradiation polymerization enhanced the interphase bonding and as a result, an improvement of the mechanical strength takes place. more waste cellulose concentration is added; (b) for each waste concentration, the values decrease according to curing time ( Figure 3) . The lowest value, 0.0043 mm/mm, is 116% minor with respect to compressive strain value of control concrete (without waste cellulose). Thus a hard concrete is produced when adding higher waste cellulose concentration.
Compressive Strain at Yield
For irradiated concrete a well-defined behavior is observed (Figure 4) . The values show three stages: (a) in the first one the values increase at 200 kGy, (b) after they decrease at 250 kGy, and finally (c) they increase again at 300 kGy. The diminution at 250 kGy is 12% minor than those for control concrete. In the case of irradiated concrete different behaviors are observed. (a) The values increase according to waste cellulose concentration increase. The highest value is observed for concrete with 28 days of curing time and irradiated at 300 kGy, which is 47% higher with respect to control concrete; (b) for each radiation dose the values increase according to curing time increasing (Figure 6 ). These results can be attributed to gamma irradiation effects on the waste cellulose. Improvement on modulus of elasticity values point out a predominant domain of cross-linking of polymer chains in cellulose. However, some shorter chains are produced which are water-soluble and in consequence increment on the solubility is done. In general terms, irradiated cellulose covers the sand particles; thus zone around them is affected by a stress concentration. Therefore, if the distance between particles is small enough, these zones join together and form a percolation network, which generate good adhesion between cement matrix and cellulose and in consequence increment in the modulus of elasticity is obtained.
The mechanical results can be related with morphological changes seen on the fractured zones of concrete specimens, as we see in Figure 7 . For nonirradiated concrete a rough surface is shown (indicated by arrows) (Figure 7(a) ); when applying 200 kGy of dose, the disperse particles are covered by irradiated cellulose (see arrow), as consequence of the cross-links of the polymer chains (Figure 7(b) ). For higher dose, 250 kGy, the cellulose continues to form polymer films over the hydrating cement particles and thus interferes with the hydration process and thereby setting and hardening of cement (Figure 7(c) ); finally at 300 kGy more evident is the presence of cellulose, through the cross-linked regions accompanied with larger quantities of voids in the interfacial zone (see arrows). Nevertheless strong bonds are progressively developed between cellulose and cement matrix (Figure 7(d) ). Figure 8 shows images of irradiated recycled cellulose obtained by Scanning Electron Microscopy (SEM). For irradiated cellulose at 200 kGy smooth and homogeneous surfaces (indicated by arrow) and some particles are seen. When increasing the radiation dose, at 250 kGy, some cracks and more space between cellulose surfaces appear, giving an appearance of voids. Such modifications can be related with the main effects produced by gamma radiation: scission and cross-linking of molecular chains in cellulose. For higher dose, at 300 kGy, a higher number of dispersed particles, as well as rough surfaces, are observed.
Conclusions
Both waste cellulose concentration and gamma radiation are adequate tools for improvement of the mechanical properties of concrete, where sand is substituted by waste cellulose. In particular, compressive strength and modulus of elasticity values have an improvement of 45% and 47%, respectively, when adding 3 wt% of waste cellulose and applying 300 kGy of dose. Conversely, diminutions on the mechanical properties were seen for nonirradiated concrete. Through SEM images the influence of gamma radiation on waste cellulose and its effect on the mechanical properties of concrete was corroborated.
